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INTRODUCTION
Sarcomeric myosin, the most abundant protein in skeletal muscle, is a well-characterized motor protein that interacts with actin to generate force for muscle contraction. Biochemical studies of muscle myosin go back to the late 1930s when it was shown that muscle contained an important adenosine triphosphatase (ATPase) that was associated with myosin (Engelhardt and Ljubimova, 1939) . Over the past 60 yr, muscle researchers have studied myosin's functional and structural properties in order to elucidate the molecular mechanism of muscle contraction and to provide insights into the formation and the ultrastructure of the myofibril, the contractile organelle of skeletal muscle fibers.
Although skeletal muscle myosin is only one branch of the ever expanding superfamily of myosin motors (Sellars et al., 1996) , it is sequence homology with the motor domain of chicken skeletal muscle myosin (residues 89 to 709) that defines members of this superfamily (Sellars and Goodson, 1995) . One of the major advances in myosin motor research has been the solving of the atomic structure of the chicken sarcomeric myosin head, or S1 domain, by x-ray diffraction (Rayment et al., 1993) . Armed with this information, many laboratories have proposed and are currently testing hypotheses about how changes in myosin structure mediated by actin and adenosine triphosphate (ATP) are translated into force and movement (see review by Howard, 1997) .
The literature of myosin research is now too extensive to cover in any single review and the reader is referred to the many excellent works that have recently been published on the structural dynamics of the actomyosin interactions (Cooke, 1997; Baker and Titus, 1998; Goldman, 1998) , the role of myosin isoforms in muscle physiology (Schiaffino and Reggiani, 1994; Hilber et al., 1997; Pette and Staron, 1997) , and mammalian myosin multigene families (Weiss and Leinwand, 1996) . The objective of this manuscript is to provide the reader with a broad overview of myosins in developing and mature skeletal muscle cells with emphasis on studies in avian systems. Those interested in a more detailed analysis and discussion of any of the topics covered in this review will find the extensive bibliography a good starting point for their explorations.
MYOSIN STRUCTURE
Skeletal muscle myosin is a large and complex structure that appears in the electron microscope as a long asymmetric molecule with two globular heads attached to a long tail. It consists of two heavy chain subunits (MyHC) of approximately 200 kDa and two pairs of small subunits referred to as regulatory and essential light chains. Although the essential light chains are required for wild type velocity in actin motility experiments, they are not required for actin-activated ATPase activity (Lowey and Trybus, 1995; Waller et al., 1995) . Curiously, whereas the regulatory light chains play important roles in smooth muscle myosin regulation, their functional role in sarcomeric myosins is unclear. Recent studies suggest that phosphorylation of the light chains may alter thick filament structure (Levine et al., 1991 (Levine et al., , 1996 providing a basis for the observation that light chain phosphorylation modulates contractile function to enhance performance and efficiency (Sweeney et al., 1993) .
Most of our understanding of myosin's structural and chemical properties was derived from the study of proteolytic fragments. Treatment of myosin with papain yields two Subfragment 1 (S1) protein fragments and the a-helical coiled-coil rod. The myosin head consists of the N-terminal 840 amino acid residues and two light chains. The S1 contains all the necessary components to generate movement, including the actin-binding interface and the site for ATP hydrolysis. The S1 can be cleaved by trypsin into three fragments (25, 50, and 20 kDa) and the location of functional amino acid residues within these peptides has been extensively studied (for review see Rayment et al., 1996) . The three-dimensional structure of the chicken S1 revealed that the three fragments do not form individual folding domains, but that the cleavage sites represented flexible loops susceptible for proteolysis.
The rod begins at an invariant proline residue at position 840 in the chicken adult MyHC (Chao and Bandman, 1997) . The amino acid sequence of the rod follows the seven amino acid repeat (a, b, c, d, e, f, g )n characteristic of a-helical coiled-coil proteins, with a and d positions occupied predominantly by hydrophobic residues (McLachlan and Karn, 1982) . Stability of the coiled-coil is provided by hydrophobic interactions at the interface of the two helices between the side chains of residues at a and d positions of opposite strands (Hodges et al., 1990) . Residues at positions e and g that flank the hydrophobic core are occupied predominantly by charged amino acids that may contribute to further stabilization of the coiled-coil interface both by enhancing the hydrophobic effect and by participating in interhelical salt bridges (O'Shea et al., 1991) . A putative role of these residues in myosin filament morphology has recently been proposed (Arrizubieta and Bandman, 1998 ). An additional repeating motif in the myosin rod that has been highly conserved includes a striking repetition of positively and negatively charged amino acid residues at positions b and c on the outer surface of the coiled-coil spaced 14 residues apart (McLachlan and Karn, 1983) . These residues are believed to play a functional role in myosin rod interactions that generate the characteristic 14.3 nm axial stagger of molecules within the myosin filament (Huxley, 1974 ). An additional conserved feature of sarcomeric myosin rods has been the insertion of four "skip" residues at precise positions within the a-helical coiled-coil sequence (McLachlan and Karn, 1983 ). The precise function for these residues remains unclear but their positions appear to correlate with bends in the myosin tail observed in the electron microscope (Offer, 1990) .
The rod domain can be further subdivided into two peptides, Subfragment 2 (S2) and light meromyosin (LMM) at a highly variable and more flexible region of the rod called the hinge (Lowey et al., 1969) . If myosin filaments are treated with a-chymotrypsin, proteolysis occurs at the hinge and a soluble, enzymatically active, heavy meromyosin (HMM) fragment, consisting of the S1 and S2 region, is produced along with the LMM (Margossian and Lowey, 1982) . The LMM fragment retains the solubility characteristics of the myosin rod and, although soluble at high ionic strength, aggregates under physiological conditions (Harrison et al., 1971) . The LMM fragment has been the focus of many studies, as LMM aggregates usually are paracrystals with distinct axial banding patterns that exhibit 43-and 14.3-nm repeats that are thought to be related to the 43-nm helical repeat and the 14.3-nm axial translation with which myosin heads protrude from the surface of the thick filament (Stewart and Kensler, 1986) . A more extensive review of the morphology and the assembly properties of the myosin rod can be found elsewhere in this volume (Wick, 1998) .
MYOSIN MULTIGENE FAMILIES
Sarcomeric MyHC isoform diversity is a common theme in all eukaryotes with striated muscles. With the single exception of Drosophila melanogaster, in which a single MyHC gene produces different transcripts through alternative splicing events (Rozek and Davidson, 1983) , the development of large and complex multigene families has been responsible for generating and maintaining MyHC diversity, as no other sarcomeric MyHC genes have been found to give rise to more than a single mRNA transcript. Recently, however, evidence for alternative splicing of some nonmuscle and smooth muscle MyHC genes has been presented (Hamada et al., 1990) , suggesting that at least some subclasses of the myosin superfamily in birds and mammals may utilize differential splicing to generate diversity.
The functional separation of MyHC into two classes, fast and slow isoforms, is reflected in the genomes of species in which sarcomeric MyHC have been cloned and sequenced. Fast MyHC genes from phylogenetically diverse organisms such as fish, amphibia, birds, and mammals (Moore et al., 1993) are much more homologous to each other than to slow MyHC genes. The same is true of the slow MyHC genes that have been characterized (Bandman et al., 1994) .
MyHC gene structure has been preserved throughout evolution. The organization of the rat embryonic (Strehler et al., 1986) and chicken embryonic (Molina et al., 1987) MyHC genes are very similar. Both genes contain two exons that encode the 5′-untranslated region, the initiating codons of both genes are located in the third exon, and both encode proteins that have 1,940 amino acids. Although intron sequences and sizes are highly variable, all intron positions are exactly conserved with the single exception that the rat exon equivalent to the 40th exon of the chicken gene is divided into two exons 24 bp upstream from the stop codon. Five of the eight intron positions of a nematode MyHC gene (Strehler et al., 1986) have been preserved in rat and chicken genes. This striking conservation of intron positions among vertebrate and invertebrate sarcomeric myosin genes suggests that the ancestral MyHC gene contained at least the common introns.
It is likely that the multigene families of MyHC have arisen from gene duplications and subsequent divergence of each of the members of the gene family. The human fast skeletal MyHC are clustered on Chromosome 11 and the mouse orthologs on Chromosome 17 (Leinwand et al., 1983) . The a and b cardiac/slow MyHC genes are arranged in tandem in both human and rat genomes at a separate chromosomal locus from that of the fast skeletal MyHC genes (Mahdavi et al., 1982) . We have recently demonstrated that in the chicken genome, three slow MyHC genes are clustered (Chen et al., 1997) . Using fluorescent in situ hybridization an embryonic fast MyHC probe has mapped the embryonic fast MyHC gene to a microchromosome (Dominguez-Steglich et al., 1993) . We now have preliminary evidence that similar to mammalian genomes, multiple chicken fast MyHC genes reside at this locus (Bandman, unpublished observations) . The estimated number of MyHC-like genes in the chicken, up to 31 (Robbins et al., 1986) , is considerably greater than the estimated 7 to 10 genes observed in mouse, rat, or human genomes (Leinwand et al., 1983b; Wydro et al., 1983) . However, based on Northern blot analysis with 5′ probes, only 7 of the 31 sequences appear to be related to fast MyHC genes ). An SDS-PAGE was able to resolve six MyHC from developing pectoral muscles (Hofmann et al., 1988) whereas high resolution anion-exchange chromatography of myosin S1 fragments isolated from adult chicken fast muscles has been used to identify five protein fractions with distinct primary structures (Rushbrook et al., 1997) . Subsequent studies using PCR have shown that six of the seven fast MyHC genes identified by Kropp et al., 1987 are expressed in the developing pectoral muscle (Rushbrook et al., 1998) . We have cloned and described the expression of five unique MyHC cDNA that encompass the LMM domain and the 3′-untranslated region (see Moore et al., 1992; Tidyman et al., 1997) . Only two of these cDNA are full length and, thus, it is not possible at the present time to definitively identify and correlate all of the isoforms described in these studies. It is likely that some of the other putative chicken MyHC genes identified on Southern blots (Robbins et al., 1986) represent nonmuscle, smooth muscle, and other nonsarcomeric members of the myosin superfamily (Cheney et al., 1993) .
PLASTICITY OF MYOSIN EXPRESSION IN MUSCLE
Innervation, activity, and thyroid hormone have all been shown to play important roles in specifying which MyHC isoforms are expressed in vertebrate muscle (for review see Bandman, 1985; Schiaffino and Reggiani, 1994) ; however, the mechanism by which external signals induce changes in MyHC gene expression is not yet clear. In mammals, recent studies have described how thyroid hormone receptors interact with regulatory elements in the mammalian b-cardiac/skeletal MyHC gene to control transcriptional activity (Darling et al., 1993) . Muscle-specific nuclear protein factors that are involved in the expression of the b-cardiac/skeletal MyHC gene have also been found (Shimizu et al., 1992) . A review of the regulatory elements characterized in mammalian fast and slow MyHC genes has recently been published (Weiss and Leinwand, 1996) . Less is known about the regulation of avian MyHC by extrinsic factors, although recent studies have shown that thyroid hormone modulates MyHC expression in chicken muscle development (Gardahaut et al., 1992) .
Innervating a fast type muscle with a motoneurone that normally innervates a slow type muscle results in transformation from Type II (fast MyHC containing) to Type I (slow MyHC containing) fibers (Gauthier et al., 1983) . Changes in fiber type and MyHC expression are also induced by muscle loading. Weighting of the avian wing has been shown to induce muscle hypertrophy and alter MyHC expression in the anterior Latissimus dorsi, a slow tonic muscle (Kennedy et al., 1986 (Kennedy et al., , 1988 Winchester and Gonyea, 1992) . Whereas these results suggest mechanical activity plays a crucial role in specifying MyHC expression, no cis-acting sequences, trans-acting factors, or signal transduction pathways have been yet been implicated in activity-induced fiber type transformations.
It is now well established that chicken fast and slow muscle fibers undergo changes in the expression of MyHC as the fiber matures (Bandman et al., 1982; Bader et al., 1982) . It is also clear that different fast fibers have an intrinsic pattern of MyHC expression during maturation (Bandman and Bennett, 1988) . This program of MyHC expression is recapitulated in adult muscle during regeneration following injury (Cerny and Bandman, 1987) , although extrinsic factors such as muscle denervation also affect the program of myosin expression (Cerny and Bandman, 1987) . Regulation of MyHC gene transcription during muscle development appears to determine MyHC isoform content (Rushbrook et al., 1997 (Rushbrook et al., , 1998 Tidyman and Bandman, 1997) .
Whereas the physiological significance of fast and slow MyHC isoforms in adult muscles is well established, the functional significance of MyHC switching during muscle development is unclear. No unique enzymatic or structural properties have been demonstrated for MyHC isoforms expressed in developing muscles. Thus, it is possible that the multigene family encodes many functionally equivalent MyHC, and switching occurs because different regulatory elements are required to ensure expression during specific developmental periods and in physiologically different muscle fiber types. However, it has been proposed that the unique kinetic properties of muscle fibers composed of a single MyHC are the result of functional differences in myosin isoforms (Hilber et al., 1997) . Recently, mice, in which specific adult myosin genes have been inactivated, have been developed (Acakpo-Satchivi et al., 1997) . Studies have shown that although the mouse can compensate for the lack of a specific functional MyHC gene by expressing an alternate isoform and maintaining normal myosin content, these mice nevertheless display severe muscle defects suggesting that MyHC isoforms may have unique roles in the development and function of skeletal muscle (Sartorius et al., 1998) .
APPLICATIONS OF MYOSIN EXPRESSION IN MEAT SCIENCE
Meat scientists carried out many studies characterizing myosin biochemistry in order to understand how myosin's physiochemical properties contributed to postmortem events in skeletal muscle during the conversion of muscle to meat. Many of the current meat processing technologies, which were developed empirically (for example, the requirement of 2 to 3% salt for binding in comminuted meat products) can now be readily explained with a basic knowledge of myosin's solubility characteristics. Some of the important applications of myosin research both in muscle and meat science are discussed below.
MyHC Expression is a Marker for Describing Muscle Fiber Type
Muscle fibers can be classified into distinct fiber types (Type I and Type II) by histological and immunological criteria Samaha, 1969, 1970; Brooke and Kaiser, 1970; Engel, 1974) . The biochemical basis for these distinctions results from observations that distinct fast and slow isoforms of MyHC are differentially expressed in Type I and Type II fibers (Zeman and Wood, 1980) . Although multiple fast and slow isoforms of myosin are expressed in developing muscle, it has nevertheless been possible to develop antibodies that distinguish Type I and Type II fibers. Subclassification of these fiber types is also possible with both histological and immunocytochemical procedures (Arndt and Pepe, 1975) , and monoclonal antibodies specific to fast and slow MyHC isoforms have proven to be crucial probes for delineating muscle fiber type (Crow and Stockdale, 1986) .
MyHC Expression is a Marker for Describing Commitment to Avian Muscle Fiber Type
The MyHC produced in a muscle fiber are determined by commitment of stem cells to different myogenic lineages. Chicken and quail myoblasts have been cloned and shown to give rise to homogeneous colonies of myotubes expressing either fast, slow, or both fast and slow MyHC (Miller et al., 1985; Miller and Stockdale, 1986a) . Because these colonies of myotubes of differing MyHC composition are grown under identical conditions and in some experiments within the same culture dish, Stockdale and coworkers have proposed that different myogenic stem cells give rise to distinct types of fibers and that specification of fiber type occurs within the myogenic lineage prior to terminal differentiation of the stem cell (Stockdale and Miller, 1987) . The fact that these different myogenic lineages can be isolated from embryonic chicken muscle at the same time as fibers of differing MyHC composition arise in vivo (Crow and Stockdale, 1986; Miller and Stockdale, 1986b) , can be viewed as evidence in support of this hypothesis. Recent experiments also demonstrate that commitment to adult satellite cells (myogenic stem cells within differentiated muscle tissue) also can be monitored using MyHC-specific probes (Hartley et al., 1991 (Hartley et al., , 1992 .
MyHC Content is a Marker for Muscle Protein Accretion and Growth
As myosin is the major protein found in skeletal muscle fibers, muscle growth is often monitored by quantitation of MyHC content. Analyzing myosin protein and mRNA content by SDS-PAGE, ELISA, and Northern blot analyses are often used to quantify muscle hypertrophy (Gore et al., 1995) .
SUMMARY AND CONCLUSIONS
Although the existence of MyHC isoform diversity has been extensively analyzed and documented, the functional significance of the plethora of sarcomeric myosins remains unclear. Recent studies are beginning to accumulate sufficient evidence that sequence diversity within the S1 will likely be translated into definitive differences in the myosin motor and, thus, physiologically relevant differences in muscle function. The functional significance of sequence diversity in the myosin rod, however, remains more elusive. Ongoing studies of myosin filament assembly, LMM paracrystal formation, LMM solubility, and a-helical coiled-coil dimerization may provide new clues relating myosin rod sequences to function and whether different isoforms have evolved specific roles in myogenesis.
